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Five classes of MaIE-LacZ hybrid proteins have previously been characterized. These proteins differ in the
amount of the maltose-binding protein (MBP) that Is attached to 0-galactosidase. Although none of these
proteins is secreted into the periplasm, the four larger classes of hybrid proteins, those that include an intact
MBP signal peptide, are inserted into the cytoplasmic membrane, suggesting that the secretion process has at
least been initiated. In this study, we demonstrate that some portion of the four larger hybrid proteins can be
translocated across the cytoplasmic membrane, thus permitting processing of the signal peptide. We have
found that hybrid proteins that include only a small portion of the mature MBP are inefficiently recognized as
exported proteins, and translocation and processing of these appear to be relatively slow, posttranslational
events. In marked contrast, hybrid proteins that include a substantial portion of the mature MBP are efficiently
recognized, and translocation and processing of these occur very rapidly, possibiy cotranslationally. Our
results complement other studies and very strongly suggest a role for the mature MBP in the export process.
The maltose-binding protein (MBP) of Escherichia coli,
the malE gene product, is secreted through the cytoplasmic
membrane to the periplasm. The synthesis and secretion of
the MBP have been extensively investigated in several
laboratories. In many respects, the mechanism of MBP
export appears to conform to the signal hypothesis (7). The
MBP is synthesized on cytoplasmic membrane-bound poly-
somes (22), with an amino-terminal signal peptide of 26
residues that is thought to be primarily responsible for
initiating secretion of this protein while it is still a nascent
chain attached to the ribosome (6). In addition, Josefsson
and Randall (15, 16) have demonstrated that the MBP can be
cotranslationally processed (i.e., the signal peptide can be
proteolytically cleaved), but only after approximately 80% of
the nascent chain has been synthesized. Recently, Randall
(21) has presented evidence that translocation of the MBP
across the cytoplasmic membrane is not directly coupled to
elongation. It was proposed that both translocation and
maturation of MBP are late events occurring after most of
the nascent chain has been synthesized. The idea that the
MBP is translocated in domains is not entirely consistent
with the signal hypothesis. The latter postulates a linear
transfer of the nascent chain across the membrane, tightly
coupled to and possibly driven by elongation of the polypep-
tide on the ribosome.
Genetic analyses of MBP synthesis and secretion have
been greatly facilitated by the isolation of E. coli strains in
which the malE gene is fused to the lacZ gene encoding the
cytoplasmic enzyme ,B-galactosidase. In certain instances, a
malE-lacZ hybrid gene resulted that encodes a hybrid pro-
tein having, at its amino terminus, an amino-terminal portion
of the MBP and, at its carboxyl terminus, enzymatically
active P-galactosidase. It was originally anticipated that
those hybrid proteins that possess an intact MBP signal
peptide at their amino terminus might very well be secreted
into the periplasm. Such a result would have provided strong
support for the hypothesized role of the signal peptide in
initiating protein export. However, secretion of the hybrid
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protein into the periplasm could not be demonstrated in any
of the malE-lacZ protein fusion strains characterized (5).
Further investigation revealed that those hybrid proteins
that include an intact MBP signal peptide to various degrees
are inserted into the cytoplasmic membrane. From several
lines of evidence (reviewed in references 4 and 23), it was
suggested that secretion of such MalE-LacZ hybrid proteins
commences in the same manner as for the MBP itself, i.e.,
the amino-terminal signal peptide initiates the cotransla-
tional transfer of the nascent protein through the membrane.
However, at some point in the transfer process, amino acid
sequences within the attached ,-galactosidase tail of the
hybrid protein abort the export process, leaving the hybrid
protein embedded in the cytoplasmic membrane. The unusu-
al phenotype of these fusion strains (see below) has provided
considerable insight into the protein export pathway in E.
coli (12, 13). It also has suggested several selection proce-
dures that have been successfully employed to isolate both
mutants with malE signal sequence mutations (3, 6) and
mutants pleiotropically defective in protein secretion (18,
20).
In this study, the insertion of MalE-LacZ hybrid proteins
into the cytoplasmic membrane has been investigated in
more detail. We demonstrate that some portion of these
hybrid proteins is translocated across the cytoplasmic mem-
brane, thus permitting the processing of the signal peptide.
Although little more than an intact MBP signal peptide is
absolutely required for translocation, it appears that infor-
mation within the mature MBP definitely influences the
efficiency and rate at which this is accomplished. Thus, we
believe that malE-lacZ protein fusions will be useful in
identifying regions within the mature polypeptide that have a
role in facilitating MBP export.
MATERIALS AND METHODS
Bacterial strains, media, and chemicals. Each of the malE-
lacZ protein fusion strains employed in this study has been
previously described (5). M63 minimal medium (19) supple-
mented with glycerol (0.4%) and thiamine (2 ,ug/ml) was used
in all experiments. [35S]methionine (10 mCi/ml) was obtained
from Amersham Corp., Arlington Heights, Il. Proteinase K
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was purchased from Boehringer Mannheim Biochemicals,
Indianapolis, Ind. All other chemicals were of reagent grade.
Pulse-radiolabeling. Fusion strains were grown in glycerol
minimal medium at 30°C with good aeration. Hybrid protein
synthesis was induced by the addition of maltose (0.4%) to a
mid-log phase culture (optical density at 600 nm of 0.4 to
0.5). At the specified times after maltose induction, 0.75 ml
of culture was removed, mixed with 10 ,uCi of [35S]methio-
nine, and incubated for an additional 5 min at 30°C. Incorpo-
ration of additional label was terminated by the addition of
an equal volume of solution A (0.02% chloramphenicol, 0.2
M NaN3, 0.02 M dinitrophenol, 0.5% unlabeled methionine)
and submersion in an ice-water bath. Cells were harvested,
washed once with 10 mM Tris (pH 8.0), and solubilized in 75
R1 of solution B (10 mM Tris, pH 7.5, 1 mM EDTA, 1%
sodium dodecyl sulfate [SDS]) by heating in a boiling water
bath for 2 min. These labeled antigen extracts were em-
ployed in the radioimmunoprecipitation reactions described
below.
Pulse-chase experiments. Cultures (3 ml) were grown as
described above. At 15 min after maltose induction, the
cultures were pulse-labeled with 50 ,uCi of [35S]methionine
for 15 s. Incorporation of label was terminated by the
addition of 3 ml of prewarmed maltose minimal medium
containing unlabeled methionine (0.8%). At the indicated
chase times, a 1-ml sample was removed, combined with 0.5
ml of ice-cold 15% trichloroacetic acid, and placed on ice.
The trichloracetic acid-precipitable material was pelleted,
washed once with 1.0 ml of cold acetone, air dried, and
solubilized in 50 [lI of solution B as described above.
Proteinase K accessibility experiments. Cultures (5 ml)
were grown and induced for hybrid protein synthesis as
described above. At the designated times postinduction, 80
,uCi of 135S]methionine was added to each culture, and
incubation was continued for an additional 5 min. Further
incorporation of label was inhibited by the addition of 5 ml of
solution A and submersion of the culture in an ice-water
bath. Our studies have demonstrated that these conditions
also inhibit further processing of exported proteins. The cells
were harvested and suspended in 2.5 ml of 10 mM Tris (pH
8.0) containing 15 mM p-tosyl-L-arginine methyl ester (also
to insure that further processing is inhibited throughout the
procedure). A 0.5-ml sample was removed to serve as a
whole cell control. The remaining cells were converted to
spheroplasts by the addition of 1 ml of 0.75 M sucrose in 10
mM Tris (pH 8.0) followed by 30 Rl of lysozyme (1 mg/ml)
and 30 pul of 500 mM EDTA (pH 8.0) and incubation on ice
for 15 min. Two samples (0.75 ml each) were removed and
kept on ice. The remaining spheroplasts (1.5 ml) were lysed
by sonication (four 15-s bursts with a Branson model W135
sonicator with microtip at a setting of 3). The lysed sphero-
plasts were then divided into two equal parts and kept on ice.
Proteinase K (44 RI, 1 mg/ml) was added to one sample each
of lysed and intact spheroplasts. Water (44 pul) was added to
the matched control pair of samples. After a 30-min incuba-
tion on ice, 8 pI of 100 mM phenylmethylsulfonyl fluoride (to
inhibit proteinase K activity) was added to each tube,
followed by an additional 4-min incubation on ice. Phenyl-
methylsulfonyl fluoride at 1 mM was included in all solutions
used after this step. Next, an equal volume of ice-cold 10%
trichloroacetic acid was added to each tube. The trichloro-
acetic acid-precipitable material was processed for radioim-
munoprecipitation as described above. Note that this proce-
dure is essentially the same as that originally described by
Randall (21).
Radioimmunoprecipitation and SDS-PAGE. The MalE-
LacZ hybrid proteins and MBP were immune precipitated
from radiolabeled antigen extracts prepared as described
above. The immune precipitation reactions were performed as
described previously (13). The hybrid proteins were precip-
itated with rabbit anti'-p-galactosidase serum (1). MBP was
precipitated with rabbit anti-MBP serum (10). The precipi-
tates obtained were analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE) and autoradiography, also as previ-
ously described (2). For the gels pictured in Fig. 1 and 6, the
acrylamide concentration employed was 10%, and 20 pu1 of
the precipitate solubilized in SDS sample buffer was loaded
in each lane. For the gels shown in the remaining figures, the
acrylamide concentration was 7.5%, and 25 pI of a 1:10
dilution of the precipitate in sample buffer was loaded per
lane.
RESULTS
Initial indication that hybrid proteins can be processed at
their amino terminus. Five classes of maIE-lacZ protein
fusions have been isolated and characterized (5). The differ-
ent classes (designated I through V) can be distinguished on
the basis of the location of the fusion joint between the malE
and lacZ genes and also on the basis of the molecular
weights of the corresponding hybrid proteins as determined
by SDS-PAGE. The endpoints within the lacZ gene are very
nearly the same for each fusion (8). Thus, the molecular
weight differences discerned for the various hybrid proteins
are a direct reflection of the contribution of the MBP to the
hybrid product. As previously shown (5), the hybrid proteins
vary in size, from one that includes only a very small, amino-
terrninal portion of the MBP (class I) to one that lacks only a
very small carboxyl-terminal portion of the MBP (class V).
Both genetic and biochemical evidence indicate that the four
larger hybrid proteins include an intact MBP signal peptide
(3, 5). The class I hybrid protein includes only the first 14
residues of this structure (6).
SDS-PAGE and autoradiography of the hybrid proteins
immune precipitated from radiolabeled cells representative
of each of the five classes of malE-lacZ protein fusion strains
is shown in Fig. 1. Note that, under the experimental
conditions employed, the proteins migrated as fairly sharp,
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FIG. 1. SDS-PAGE analysis of the five classes of MalE-LacZ
hybrid proteins. Mid-log cultures were induced for hybrid protein
synthesis by the addition of maltose. At 2 h postinduction, cells
were pulse-radiolabeled and solubilized, and the hybrid proteins
were immune precipitated and analyzed by SDS-PAGE and autora-
diography as described in the text. Only the relevant portion of the
autoradiograph is shown. Lanes: A, class I hybrid protein synthe-
sized by strain PB4-81, molecular weight 116,000; B, class II hybrid
protein synthesized by strain PB41-4, molecular weight 117,000; C,
class III hybrid protein synthesized by strain PB62-37, molecular
weight 120,000; D, class IV hybrid protein synthesized by strain
PB72-47, molecular weight 131,000; E, class V hybrid protein
synthesized by strain PB179-3, molecular weight 150,000. The
reference molecular weight markers indicated are RNA polymerase,
P subunit (molecular weight 155,000), and native E. coli ,-galacto-
sidase (molecular weight 116,000).
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distinct bands. The one exception would appear to be the
class IV hybrid protein produced by strain PB72-47. In this
case, there was at least the suggestion that the gel system
can resolve two forms of the hybrid protein that differ only
slightly in molecular weight. In other experiments (data not
shown), we had discerned similar protein doublets for cer-
tain of the other hybrid proteins (never class I), although the
results were not readily reproducible. We considered the
possibility that the two forms of the hybrid protein that we
occasionally detected might differ by the presence or ab-
sence of the MBP signal peptide.
To investigate this possibility, we again immune precip-
itated radiolabeled hybrid protein from solubilized cells
prepared from various fusion strains. We also immune
precipitated the hybrid protein from extracts prepared from
isogenic fusion strains (classes II through V only) harboring
the malE18-1 signal sequence mutation (6) in the hybrid
gene. This mutation had previously been shown to prevent
hybrid protein export from the cytoplasm (3) and would
presumably prevent processing. To obtain greater resolution
of the hybrid protein bands by SDS-PAGE, we employed a
lower percentage of acrylamide and loaded only 1/10 as
much sample as usual (see above) (Fig. 2). It is evident that
two distinct forms of each of the four larger classes of hybrid
proteins can be discerned. It is important to note that only
the higher-molecular-weight form can be detected when the
hybrid protein includes an export-defective signal peptide.
We have never observed more than one form of the class I
hybrid protein. Since this hybrid protein includes only a
portion of the MBP signal peptide and clearly fractionates
with the cytoplasm, this result was not unexpected.
Hybrid protein precursor accumulates at later times after
induction. It was previously demonstrated that induction of
synthesis of MalE-LacZ hybrid proteins having an intact
signal peptide has severe consequences for the E. coli cell (3,
5, 13). As the hybrid protein begins to accumulate to high
levels in the cytoplasmic membrane, there is a progressive,
coordinate inhibition of export of most periplasmic and outer
membrane proteins. This was demonstrated by the observa-
tion that the proportion of the precursor form to the mature
A B C D E F G H I
FIG. 2. SDS-PAGE analysis of the five classes of MalE-LacZ
hybrid proteins having either a wild-type or export-defective MBP
signal peptide. Mid-log cultures were induced for hybrid protein
synthesis by the addition of maltose. At either 15 min (strains PB4-
81, PB41-4, and PB62-37), 30 min (strain PB72-47), or 45 min (strain
PB179-3) postinduction, cells were pulse-radiolabeled and solubi-
lized, and the hybrid proteins were immune precipitated and ana-
lyzed by SDS-PAGE and autoradiography, as described in the text.
Note that the figure is a composite derived from two different gels,
and that only the relevant portions of the corresponding autoradio-
graphs are shown. Lane A shows the class I hybrid protein that
includes only a portion of the MBP signal peptide (see the text).
Lanes B, D, F, and H show the class II, III, IV, and V hybrid
proteins, respectively, each having a wild-type MBP signal peptide.
Lanes C, E, G, and I show the class II, III, IV, and V hybrid
proteins, respectively, having an export-defective signal peptide.
2 3 4 5 6
FIG. 3. SDS-PAGE analysis of the class IV hybrid protein
precipitated from cells pulse-radiolabeled at various times postin-
duction. A mid-log culture of strain PB179-3 was induced for hybrid
protein synthesis by the addition of maltose. At various times
postinduction, cells were pulse-radiolabeled and solubilized, and the
hybrid protein was immune precipitated and analyzed by SDS-
PAGE and autoradiography, as described in the text. Only the
relevant portion of the autoradiograph is shown. The radiolabeled
hybrid protein species precipitated from the cells are shown from
left to right with increasing time postinduction: 1, 30 min; 2, 60 min;
3, 90 min; 4, 120 min; 5, 150 min; 6, 180 min.
form for various exported proteins (e.g., wild-type MBP,
alkaline phosphatase, OmpA protein) pulse-labeled and ana-
lyzed at different times postinduction continually increases
with time. Several hours after induction of hybrid protein
synthesis, these exported proteins are found exclusively in
their precursor form. Under these conditions, the cells form
long filaments and eventually lyse. Since maltose is used to
induce hybrid protein synthesis, such fusion strains are said
to exhibit a maltose-sensitive (Mals) phenotype. It was
proposed that this Mals phenotype results from the progres-
sive occupation by the hybrid protein of specific sites in the
cytoplasmic membrane required for general protein export.
If the two forms of the hybrid protein that we can detect
by SDS-PAGE differ by the presence or absence of the signal
peptide, then one would predict that the higher-molecular-
weight form should begin to accumulate in cells at later times
after induction as the sites for protein export become limit-
ing. We immune precipitated the MalE-LacZ hybrid protein
from cells of the class V fusion strain PB179-3 pulse-labeled
at various times postinduction. The precipitates were ana-
lyzed by SDS-PAGE and autoradiography (Fig. 3). We
found that, at 30 min postinduction, the hybrid protein was
seen exclusively in its lower-molecular-weight form; 30 min
later, accumulation of a small amount of the higher-molecu-
lar-weight form was first detected. At later times, the ratio of
the higher-molecular-weight form to the lower-molecular-
weight form continually increased until, at 3 h postinduction,
the great majority of the hybrid protein synthesized was
found in its higher-molecular-weight form. Nearly identical
results were obtained with the class IV fusion strain PB72-47
(data not shown). It should be noted that the observed shift
in form of the hybrid protein pulse-labeled at various times
postinduction is strikingly similar to the progressive accumu-
lation of the precursor form of various envelope proteins that
occurs in these same strains in response to maltose (13) (see
below). Thus, these results strongly suggested that the
higher-molecular-weight form of the hybrid protein is the
unprocessed precursor form accumulating under conditions
that prevent normal protein export and processing.
In the case of the class II and III fusion strains, we also
obtained similar results, except for one important difference.
At early times postinduction, when there should be little to
no effect on normal protein export, both forms of the hybrid
protein were detected in approximately equal amounts (data
not shown). The ratio shifted in favor of the higher-molecu-
lar-weight form at later times postinduction. Although this
result was at first puzzling, an explanation was provided in
later experiments (see below).
The processed form of the hybrid protein is exposed on the
external surface of the cytoplasmic membrane. Studies with a
J. BACTERIOL.
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FIG. 4. Proteinase K accessibility of the class IV hybrid protein
in intact and lysed spheroplasts. A mid-log culture of strain PB72-47
was induced for hybrid protein synthesis. At 30 min postinduction,
cells were pulse-radiolabeled, and the accessibility of the hybrid
protein to proteinase K was analyzed as described in the text. As an
additional control, the same experiment was done with an isogenic
strain, PB72-47(18-1), harboring the malE18-1 signal sequence muta-
tion in the hybrid gene (see the text). For each strain, the lanes
reveal the hybrid protein precipitated from the following solubilized
antigen extracts: (A) whole cells, no proteinase K treatment; (B)
intact spheroplasts, no proteinase K treatment; (C) intact sphero-
plasts treated with proteinase K; (D) lysed spheroplasts, no protein-
ase K treatment; and (E) lysed spheroplasts treated with proteinase
K. Only the relevant portion of the autoradiograph is shown. Note
that, for the two strains shown, the amount of immune precipitate
loaded into each lane was derived from an equal number of cells.
number of exported proteins indicate that processing re-
quires translocation across the cytoplasmic membrane of at
least the amino-terminal portion of the protein that includes
the processing site (9, 10, 14, 17). There are no well-
documented examples of in vivo processing of exported
proteins occurring in the absence of translocation. If the
class II through V MalE-LacZ hybrid proteins are proc-
essed, secretion of these proteins must have progressed far
enough to permit access of the processing site to the signal
peptidase enzyme responsible for the processing event. We
investigated the possibility that the lower-molecular-weight,
presumably processed, form of the hybrid protein is exposed
on the surface of the cytoplasmic membrane. We used the
same proteinase K accessibility technique described by
Randall (21) to demonstrate translocation of MBP nascent
chains across the E. coli cytoplasmic membrane.
Cultures of each of the class II through class IV fusion
strains were grown to the mid-log phase in glycerol minimal
medium, induced with maltose, and pulse-radiolabeled with
[35S]methionine at an appropriate time when both forms of
the hybrid protein could be easily discerned. Further protein
synthesis and signal peptide processing were terminated,
and cells were converted to spheroplasts and exposed to
proteinase K as described above. To demonstrate that the
hybrid proteins are clearly sensitive to proteinase K diges-
tion, spheroplasts lysed by sonication were also exposed to
this protease. After a 30-min incubation in the presence of
proteinase K, phenylmethylsulfonyl fluoride was added to
inactivate the protease, and total protein was precipitated
with trichloroacetic acid. The protein pellets were solubi-
lized, and the hybrid proteins were analyzed by immune
precipitation, SDS-PAGE, and autoradiography. Identical
results were obtained with each of the fusion strains. The
results obtained with the class IV fusion strain PB72-47 are
presented in Fig. 4.
We found that both forms of the labeled hybrid protein
were detected in intact or lysed spheroplasts in the absence
of proteinase K. In contrast, neither form was detected when
lysed spheroplasts were incubated with the protease. When
proteinase K was added to intact spheroplasts, the higher-
molecular-weight form was still detected, indicating that
proteinase K accessibility to this hybrid protein species was
prevented by the cytoplasmic membrane barrier. However,
the lower-molecular-weight form of the hybrid protein was
clearly absent, demonstrating that some portion of this
protein species is exposed on the external surface of the
cytoplasmic membrane and thus accessible to the protease.
As an additional control, the same experiment was done with
the isogenic fusion strain producing an export-defective
hybrid protein. Only the higher-molecular-weight form of the
hybrid protein was detected in this case, and this protein was
only accessible to proteinase K in lysed spheroplasts (Fig.
4).
Kinetics of hybrid protein processing. From the above
results, we conclude that at least the amino-terminal portion
of a MalE-LacZ hybrid protein that includes an intact MBP
signal peptide can be translocated across the cytoplasmic
membrane and processed. Josefsson and Randall (15, 16)
reported that the wild-type MBP is processed either cotrans-
lationally or immediately after completion of synthesis. With
this in mind, we next investigated the kinetics of hybrid
protein processing in several of the fusion strains. Cells
growing in glycerol minimal medium were induced for 15 min
with maltose and then pulse-labeled for 15 s with [35S]methi-
onine. The hybrid proteins were immune precipitated at
various times during the cold methionine chase period and
analyzed by SDS-PAGE and autoradiography (see above).
After a 15-s chase, the radiolabeled class II hybrid protein
produced by strain PB41-4 migrated in the unprocessed
precursor form (Fig. 5). After an additional 30 s of chase,
processing of the hybrid protein was still not detectable.
Some processing of the hybrid protein could be detected
after 2.5 min of chase. After 10 min of chase, approximately
50% of the hybrid protein synthesized during the radiolabel-
ing period had been processed. Nearly identical results were
obtained with the class III fusion strain PB62-37 (data not
shown), indicating that processing (and hence translocation)
of the hybrid protein produced by these two fusion strains is
a relatively slow, posttranslational event. In marked con-
trast, radiolabeled hybrid protein produced by the class IV
fusion strain PB72-47 was seen to migrate exclusively in its
processed form at the earliest chase point (Fig. 5), indicating
that translocation and processing of this hybrid protein are
highly efficient and, most likely, cotranslational events.
Kinetics of accumulation of precursor MBP in different
fusion strains. The above results indicated that a hybrid
protein including a substantial portion of the mature MBP is
much more efficiently incorporated into the cytoplasmic
41 -4
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FIG. 5. Kinetics of hybrid protein processing. Mid-log cultures
of the class II protein fusion strain PB41-4 and the class IV protein
fusion strain PB72-47 were induced for hybrid protein synthesis by
the addition of maltose. At 15 min postinduction, cells were pulse-
labeled with [355]methionine for 15 s and chased for various periods
of time with unlabeled methionine. The chase was terminated, the
cells were solubilized, and the hybrid proteins were immune precip-
itated and analyzed by SDS-PAGE and autoradiography, as de-
scribed in the text. Only the relevant portion of the autoradiograph
is shown. For each strain, the lanes reveal the radiolabeled hybrid
protein species precipitated after the following chase periods: 1, 15
s; 2, 45 s; 3, 2.5 min; 4, 5 min; 5, 10 min. The lane labeled 6 at the far
right shows hybrid protein precipitated from strain PB72-47(18-1)
and serves as a marker for the class IV hybrid protein in its
unprocessed form.
72-47
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membrane than is a hybrid protein possessing little more
than the MBP signal peptide. If this is the case, then one
would predict that induction of hybrid protein synthesis in a
class IV fusion strain should result in an inhibition of normal
protein export faster than that observed in a class II or III
fusion strain (see above). To test this possibility, we induced
hybrid protein synthesis in logarithmically growing cultures
of the class II fusion strain PB41-4 and the class IV fusion
strain PB72-47, and we followed the progressive accumula-
tion of precursor MBP in each (maltose also induces synthe-
sis of the wild-type MBP in these fusion strains). At various
times postinduction, cells were pulse-labeled with
[35S]methionine. The MBP was immune precipitated from
solubilized cell extracts and analyzed by SDS-PAGE and
autoradiography (Fig. 6). The results clearly demonstrated
that the class IV fusion strain begins to accumulate signifi-
cant levels of newly synthesized precursor MBP at an earlier
time point after induction than does the class II fusion strain.
Even at later time points, there is a more effective block in
export of newly synthesized MBP manifested in the class IV
fusion strain, suggesting that a greater percentage of the
putative protein export sites in these cells is occupied by
hybrid protein.
DISCUSSION
We conclude that MalE-LacZ hybrid proteins that include
an intact MBP signal peptide (classes II through V) can be
translocated in part across the cytoplasmic membrane and
processed. The experimental evidence for this can be briefly
summarized as follows.
(i) Two distinct forms of these hybrid proteins were
detected under certain conditions of radiolabeling and SDS-
PAGE. The difference in the apparent molecular weights of
these two forms is very slight, which is to be expected if
these very large proteins differ by only a 26-residue signal
peptide.
(ii) Only the higher-molecular-weight (i.e., unprocessed)
forms were detected when the hybrid proteins had a defec-
tive signal peptide that prevented their insertion into the
cytoplasmic membrane.
(iii) High-level synthesis of these hybrid proteins, which is
known to eventually result in a near-total block in general
protein export, concomitantly caused a progressive accumu-
lation of the hybrid protein in its higher-molecular-weight
form.
1 2 3 4 5
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FIG. 6. Effect of induction of hybrid protein synthesis on export
of the wild-type MBP. Mid-log cultures of the class II protein fusion
strain PB41-4 and the class IV protein fusion strain PB72-47 were
induced for hybrid protein synthesis by the addition of maltose. At
various times postinduction, cells were pulse-radiolabeled and solu-
bilized, and the wild-type MBP was immune precipitated and
analyzed by SDS-PAGE and autoradiography, as described in the
text. Only the relevant portion of the autoradiograph is shown. The
lanes reveal the MBP species pulse-labeled at the following times
postinduction: 1, 15 min; 2, 30 min; 3, 60 min; 4, 90 min; 5, 120 min.
(iv) The processed forms of these hybrid proteins, but
clearly not the unprocessed forms, were accessible to exter-
nally added proteinase K in E. coli spheroplasts. This
indicated that at least a portion of the processed hybrid
proteins are exposed on the external surface of the cytoplas-
mic membrane.
The MalE-LacZ hybrid proteins vary over a wide range in
the amount of the mature MBP that they contain. The exact
location of the fusion joint between the MBP and ,-galacto-
sidase is known for only two of these. The class III protein
includes the first 23 residues of the mature MBP (11). The
class IV protein includes the first 186 residues of the mature
MBP (C. Lee and J. Beckwith, personal communication),
which represents approximately half of the full-length MBP.
Based on their SDS-PAGE migration and from genetic
mapping data (5), one can estimate that the class II protein
includes fewer than 15 residues of the mature MBP and the
class V protein includes 80% or more of this structure. Thus,
although the class II and III proteins include the MBP signal
peptide, but very little of the mature protein, this is sufficient
to lead the amino-terminal portions of these proteins across
the cytoplasmic membrane.
Two differences were noted between the processing of the
class II and III hybrid proteins and that observed for the
class IV and V proteins that include substantially more of the
mature MBP. First, under the most favorable conditions for
export, i.e., immediately after maltose induction before
manifestation of the Mal' phenotype, only a modest fraction
of the class II and III hybrid proteins synthesized were
processed, whereas essentially 100% of the larger hybrid
proteins were processed under identical conditions. Second,
pulse-chase experiments revealed that processing of the
class II and III proteins was a relatively slow event, occur-
ring posttranslationally and exhibiting a half-time of several
minutes. In contrast, processing of the larger hybrid proteins
occurred very rapidly, probably cotranslationally.
From the evidence that we have presented here and from
other studies concerning the MBP (2, 3, 10), processing
appears to be a good indication for translocation. Likewise,
the lack of processing appears to be a good indication that
translocation of the amino-terminal portion of the hybrid
protein across the cytoplasmic membrane has not been
achieved. Thus, the differences noted in the efficiency and
rate of processing of the two smaller hybrid proteins com-
pared with the two larger hybrid proteins can be interpreted
as follows. The larger hybrid proteins that include a substan-
tial portion of the mature MBP are efficiently recognized by
the cell as exported proteins. Translocation of these proteins
is initiated cotranslationally, and processing of the signal
peptide probably also occurs cotranslationally or very short-
ly after translation is completed. These conclusions are
consistent with the findings of Randall and co-workers (15,
16, 21), who have studied the translocation and processing of
the wild-type MBP. On the other hand, the class II and III
hybrid proteins that have an intact MBP signal peptide, but
very little of the mature protein, are not efficiently recog-
nized as exported proteins. Only a portion of the protein
molecules synthesized are eventually translocated and proc-
essed. Furthermore, in these instances translocation of the
hybrid protein, or at least completion of translocation, is
almost certainly a posttranslational event.
An earlier study with these same malE-lacZ fusion strains
demonstrated that the association of the hybrid protein with
the cytoplasmic membrane varied with the size of the MBP
moiety (5). The class IV and V proteins are essentially 100%
membrane bound, whereas somewhat greater than half of
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the smaller hybrid proteins fractionate with the cytoplasm.
Although these results were interpreted to indicate that the
smaller hybrid proteins have an insufficient portion of the
MBP to effectively anchor them to the membrane, a more
reasonable explanation would appear to be that export of a
significant fraction of the class II and III proteins is never
initiated. This would explain why strains synthesizing the
larger hybrid proteins exhibit a more severe Mals phenotype
than strains synthesizing the smaller hybrid proteins (5). In
this study, we established a positive correlation between the
efficiency of hybrid protein export and the degree to which
normal protein export is impaired in Mals strains.
Finally, from these studies it appears that only the MBP
signal peptide, and perhaps a very small amino-terminal
portion of the mature MBP, is absolutely essential to medi-
ate the secretion process. Still, the efficiency and rate at
which this is accomplished do not resemble those of the
wild-type MBP. Ito and Beckwith (14) have reported that
MBP nonsense fragments only one-third the length of the
wild-type MBP can be translocated to the surface of the
cytoplasmic membrane and processed. Again, the efficiency
with which this is accomplished is significantly less than that
exhibited by the wild-type MBP. Randall (21) has found that
cotranslational translocation and processing of the wild-type
MBP do not occur until after approximately 80% of the
nascent chain has been translated. The results we have
obtained with the larger MalE-LacZ hybrid proteins would
appear to be in agreement with Randall's results. These
hybrid proteins include a substantial fraction of the MBP and
do appear to be cotranslationally translocated and proc-
essed. Randall (21) has postulated that folding of the nascent
chain into some sort of translocation-competent domain is
required for translocation. An alternative explanation is that
there is a discrete site within the mature MBP that, although
not absolutely required for MBP export, functions to insure
that the export process is timely and efficient. According to
this model, it is only when this site is translated and emerges
from the ribosome that cotranslational export of the MBP is
initiated. Thus, class IV and V hybrid proteins have this site
and are efficiently and cotranslationally exported; class II
and III hybrid proteins lack this site and are only inefficiently
and posttranslationally exported. Studies are currently un-
derway in an attempt to validate this model and to further
define this site.
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